The prion hypothesis posits that a misfolded form of prion protein (PrP) is responsible for the infectivity of prion disease. Using recombinant murine PrP purified from Escherichia coli, we created a recombinant prion with the hallmarks of the pathogenic PrP isoform: aggregated, protease-resistant, and self-perpetuating. After intracerebral injection of the recombinant prion, wild-type mice developed neurological signs in ~130 days and reached the terminal stage of disease in ~150 days. Characterization of diseased mice revealed classic neuropathology of prion disease, the presence of protease-resistant PrP, and the capability of serially transmitting the disease, confirming that these mice succumbed to prion disease. Thus, as postulated by the prion hypothesis, the infectivity in mammalian prion disease results from an altered conformation of PrP.
fragment (recPrP89-230) causes prion disease in transgenic mice over-expressing PrP89-231 (10) , but a prolonged incubation time in mice over-expressing PrP has led to uncertainty about whether the infectivity is indeed derived from recPrP89-230 amyloid fibers (2, 12) . The difficulty in creating a recombinant prion is likely due to the lack of proper facilitating factors (14) . Polyanions, particularly RNA, have been found to facilitate PrP conversion and promote de novo prion formation (9, (15) (16) (17) . We investigated lipid as a potential facilitating factor because GPI-anchored PrP C is in the vicinity of lipid membranes and the interfacial lipid bilayer region strongly influences protein structure (18) . Encouraged by the findings that lipid interaction converts recPrP to a PrP Sc -like form (19) , we applied protein misfolding cyclic amplification (PMCA) (8) to study recPrP conversion in the presence of both lipid and RNA.
Using a serial PMCA protocol (20) , we tested 16 different conditions in which recPrP was mixed with various combinations of lipids and/or total RNA isolated from normal mouse liver. In the presence of synthetic anionic phospholipid POPG (1-palmitoyl-2-oleoylphosphatidylglycerol) and RNA, a 15 kDa proteinase K (PK)-resistant band was detected after 17 rounds of PMCA (Fig. 1A) . Once formed, the PK-resistant recPrP (rPrPres) was able to serially propagate ( Fig. 1A and fig. S1 ). The same procedure was repeated several times and, in our hands, the overall efficiency of de novo rPrP-res formation was around 20% (fig. S2 ).
Serial PK-digestion of rPrP-res revealed that the PK-resistant band was detectable after 200 μg/ml PK digestion (PK:recPrP molar ratio > 50:1) (Fig. 1B) . After centrifugation, the rPrPres was only detected in the pellet fraction (Fig 1C) , indicating that rPrP-res was aggregated. Moreover, the 15 kDa PK-resistant band was not recognized by the 8B4 antibody that detects an N-terminal epitope of PrP (21) (Fig. 1C) , revealing that the rPrP-res contained a C-terminal PK-resistant core. Thus, similar to PrP Sc , rPrP-res is aggregated, PK-resistant, and contains a C-terminal PK-resistant core.
Next, we performed PMCA and cell culture analyses to determine whether rPrP-res could seed glycosylated and GPI-anchored endogenous PrP C . With normal mouse brain homogenate as substrate, PMCA was carried out with or without rPrP-res seed. The PKresistant endogenous PrP, demonstrated by higher molecular weights of glycosylated PrP, was detected in samples seeded with rPrP-res (Fig. 1D) . Whereas in reactions without rPrPres seed, no PK-resistant PrP was detected, ruling out de novo PrP-res formation or insufficient PK digestion. The cell infection assay was performed on SN56 cells, a murine neuronal cell line susceptible to prion infection (22) . Endogenous PrP C in SN56 cells was glycosylated and sensitive to PK digestion (Fig. 1E) . After rPrP-res infection, the PKresistant endogenous PrP was detected in passage 2 cells and remained detectable after 17 passages (Fig. 1E) . A similar experiment revealed that the rPrP-res converted normal mouse brain homogenate (Fig. 1D ) could infect SN56 cells as well ( fig. S3 ). Thus, rPrP-res is able to propagate its PK-resistant conformation to endogenous PrP C .
To determine whether rPrP-res was capable of causing bona fide prion disease, we infected 8-week-old female CD-1 mice by intracerebral injection. The rPrP-res (inoculum 4) was prepared by propagating rPrP-res through 24 rounds of PMCA. All PMCA products were pooled together and centrifuged through a sucrose cushion. The pellet was washed, resuspended, and used for inoculation. Three control inocula were used for animal study (Table 1) . Inoculum 1, consisting of all the components used for rPrP-res propagation except for recPrP and rPrP-res seed, was subjected to the same treatments as inoculum 4. Inoculum 2, consisting of all the components of rPrP-res propagation except for rPrP-res seed, was incubated at 37°C for 24 days without sonication, and subjected to the same pelleting and washing treatments. Omitting the sonication step prevented the de novo rPrP-res formation in this control sample, which was confirmed by the PK digestion analysis described below ( Fig. 2A) . Inoculum 3 was prepared by directly mixing recPrP, POPG, and RNA in the inoculum diluent. The amount of each component was equal to the total amount in the final pool of inoculum 4, ensuring that the result was not influenced by insufficient dosage of recPrP or any other component. The inoculation and animal care were carried out in an animal vivarium that had never been exposed to animals with prion disease.
After the injection, the remaining inocula were analyzed ( Fig. 2A) . Inoculum 1 did not contain PrP and, accordingly, no PrP was detected. Of three inocula that contained recPrP, inoculum 4 had the lowest amount of recPrP ( Fig. 2A) . However, the 15 kDa PK-resistant band was only detected in inoculum 4, verifying that it was the only inoculum containing rPrP-res.
Around 130 days post inoculation (dpi), all 15 rPrP-res inoculated mice developed clinical signs of prion disease. The earliest sign was clasping, an indication of neurological dysfunction (Fig. 2B) . Soon after that, mice developed tail plasticity and akinesia, that is, mice remained stationary in response to external stimuli ( Fig. 2B and video S1 ). The disease progressed rapidly and mice developed kyphosis, head twitching, mild ataxia, and eventually became cachexic and lethargic ( Fig. 2B and video S2 ). The rPrP-res inoculated mice reached the terminal stage at 136-161 dpi and the average survival time was 150 ± 2.2 days (mean ± SEM) ( Table 1 and fig. S4 ). None of the mice injected with control inocula developed prion disease for more than 360 days and are still alive. Thus, intracerebral rPrPres injection caused neurodegenerative disorders in wild-type mice with infectivity specifically associated with the rPrP-res conformation.
To ensure that every rPrP-res inoculated mouse received both pathological and biochemical analyses, each mouse brain was bisected sagittally and the half brain was subjected to histological or biochemical analysis. Severe spongiosis was detected in multiple brain regions ( fig. S5 and S6 ). Dense small vacuoles were observed in the frontal cortex and caudate nucleus (Fig. 3B and fig. S6 ), while larger vacuoles were detected in the pons, midbrain (areas around raphe nuclei and periaqueductal gray) and cerebellar white matter (areas around cerebellar dentate and fastigial nuclei). Moderate spongiosis was present in the occipital cortex, thalamus, medulla, and hippocampus, whereas little spongiosis was detected in the superior or inferior colliculus, hypothalamus, or olfactory bulb ( fig. S6 and S7). Prominent astrogliosis and microgliosis were detected in rPrP-res inoculated mouse brains (Fig. 3D and fig. S8 ). PrP immunohistochemistry revealed abnormal PrP deposition in a pattern similar to the diffuse synaptic accumulation (Fig. 3F) . The densest PrP deposition was in thalamus ( fig. S8 ), which was supported by the paraffin-embedded tissue blot (PET blot) analysis ( fig. S9) . Collectively, rPrP-res inoculated mouse brains exhibited the classic neuropathological features of prion disease: spongiosis, astrogliosis, microgliosis, and abnormal PrP deposition.
To determine whether PrP Sc was specifically present in rPrP-res inoculated mice, we sacrificed one mouse from each control group at 275 dpi. PrP Sc was detected in rPrP-res inoculated mouse brain but not in any other control brains (Fig. 3G) . Histological analysis confirmed that there was no spongiosis in the control mice. The glycosylation and the electrophoretic pattern of PrP Sc were similar among all 15 mice ( fig. S10 ), in agreement with the similar neuropathology and relatively synchronized disease onset observed among these mice.
To determine whether the rPrP-res induced disease could be serially transmitted, 1% brain homogenates were prepared from 6 diseased mice and each sample was inoculated intracerebrally into 4 or 5 wild-type CD-1 mice. Around 130 dpi, all mice (n = 29) developed disease and the behavior phenotypes were essentially the same as those of the rPrP-res inoculated mice (video S3). These mice reached the terminal stage of disease at 151-180 dpi and the average survival time was 166 ± 1.5 days (fig. S11 ). The marginal increase in the survival time of second round transmission could be due to the reported variation among inoculation experiments (23) , or the influence of other components in the brain homogenate used in second round transmission. Nonetheless, PrP Sc was detected in all groups of mice inoculated with diseased mouse brain homogenates, but not in control mice (Fig. 3H) . The spongiosis pattern remained similar to that of rPrP-res inoculated mice ( fig.  S12) . Thus, similar to natural prion disease, the rPrP-res caused disease can be serially transmitted.
Inadvertent contamination is always a concern for PMCA. The only naturally occurring prion used in our lab was the RML strain, which was used only three times in our failed attempts to convert recPrP. During the last two years while we were working with rPrP-res, absolutely no naturally occurring prion was used. Our latest de novo rPrP-res formation ( fig.  S2 ) was achieved in a new sonicator and the substrate was prepared in a lab that has never been exposed to prion. Furthermore, both behavioral and pathological phenotypes of rPrPres inoculated mice were clearly different from those reported for RML infected mice (24) . Therefore, it is highly unlikely that rPrP-res formation was due to an inadvertent contamination. It is also important to note that, before the inoculum was prepared, the rPrPres had been propagated for more than 35 rounds of PMCA. Thus, even if the initial rPrP-res formation were due to contamination, the >10 35 dilution ensures that recPrP was the only PrP in the inoculum ( Fig. 2A) . Collectively, we conclude that the disease-causing agent was rPrP-res.
The three main components in our system were recPrP, POPG, and RNA. The purity of recPrP was verified by silver staining and recPrP was the only protein detected (fig. S13 ). The mouse liver RNA was carefully chosen because PrP is not normally expressed in liver and ectopic PrP expression in the liver of PrP null mice does not support prion propagation (25) . Because synthetic polyanions that do not encode protein can replace RNA in cell-free prion formation and propagation (9, 16, 17) , the role of RNA in generating infectious prion is likely to facilitate PrP conversion rather than encoding an infectious protein. Supporting this notion, rPrP-res was successfully propagated using synthetic poly(A) RNA ( fig. S14 ), revealing that rPrP-res can be generated with virtually completely defined components. The requirement of lipid is in accordance with previous reports of higher prion infectivity in lipid membrane associated PrP Sc (22, 26) . Notably, the purified GPI-anchored PrP C , which was used to produce infectious prion de novo (9), contained stoichiometric amounts of copurified lipids, supporting a general role of lipid in PrP conversion. Finally, the POPG and RNA used here may simply mimic an unknown in vivo facilitating factor(s). Further studies are required to identify these factors.
Here we provide direct evidence supporting the prion hypothesis. First, rPrP-res is in a conformational state similar to the pathogenic PrP Sc isoform. Second, rPrP-res possesses the self-perpetuating characteristic of a prion. Third, rPrP-res causes bona fide prion disease in wild-type mice. The fact that only rPrP-res inoculated mice developed prion disease establishes that prion disease is caused by the altered conformational form of PrP.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. In vitro generated rPrP-res. (A) One round PMCA consisted of 48 cycles of sonication (0.5 minute) and incubation (29.5 minute). At the end, 1/10 reaction mixture was transferred to fresh substrate mixture to start a new round (20) . PMCA products were digested with 25 μg/ ml PK. C, undigested recPrP. (B) Serial PK digestion of PMCA products. (C) PMCA product was separated into supernatant(s) and pellet(p) by a 1-hour 100,000g centrifugation at 4°C. T, total input; +PK, 25 μg/ml PK digested. (D) With normal mouse brain homogenate (NMBH) as substrate, PMCA was performed with or without rPrP-res seed. Product was digested with 100 μg/ml PK. C, undigested NMBH. (E) After rPrP-res infection, SN56 cells were lysed, digested with 25 μg/ml PK, and centrifuged. The PKresistant PrP in the pellet was detected by immunoblot analysis. Numbers indicates cell passages. C1, undigested SN56 cell lysate. C2, pellet of PK-digested, uninfected SN56 cell lysates. In all panels, PrP was detected by immunoblot analysis with POM1 anti-PrP antibody except for the right panel in (C). PK digestion was carried out at 37°C for 30 minutes (A, B, and C) or 1 hour (D and E). Characterization of rPrP-res caused prion disease. Histological analyses of age-and sexmatched control mice (A, C, and E) and rPrP-res injected mice (B, D, and F). Brain sections were stained by hematoxylin and eosin (A) and (B), an anti-GFAP (glial fibrillary acidic protein) antibody (C) and (D), and SAF84 anti-PrP antibody (E) and (F). Immunohistochemical stains were counterstained with hematoxylin. Scale bar represents 50 μm. (G) Brain homogenates of an rPrP-res inoculated mouse or mice inoculated with control inocula 1-3 were digested at 37°C for 1 hour with indicated concentrations of PK. PrP was detected by immunoblot analysis with M20 anti-PrP antibody. (H) Brain homogenates of mice that received second round transmission or control mice inoculated with inoculum diluent (PBS) were digested by 50 μg/ml PK at 37°C for 1 hour. PrP was detected by immunoblot analysis with POM1 antibody. Number indicates the mouse from which the inocula were prepared. Table 1 Intracerebral inoculation of rPrP-res * One mouse died from an unrelated disease at 286 dpi. It had no neurological sign or weight loss. † One mouse from each control groups was sacrificed at 275 dpi to serve as controls.
